We studied the relationship between DNA damage, DNA repair rates and messenger RNA (mRNA) expression levels of cell cycle genes TP53, p21 CDKN1A , BCL2 and BAX in a group of 71 styreneexposed workers and 51 control individuals. The exposure was assessed by measuring the concentration of styrene at workplace and in blood. Parameters of DNA damage [measured as singlestrand breaks (SSBs) and endonuclease III-sensitive sites], g-irradiation-specific DNA repair rates and mRNA levels of studied genes were analyzed in peripheral blood lymphocytes. The workers were divided into low (<50 mg/m 3 ) and high (>50 mg/m 3 ) styrene exposure groups. We found negative correlations between mRNA expression of TP53, BCL2, BAX and styrene exposure (P < 0.001 for all parameters). In contrast, p21 CDKN1A mRNA expression significantly increased with increasing styrene exposure (P 5 0.001). SSBs and endonuclease IIIsensitive sites increased with increasing mRNA levels of TP53 (P < 0.001 for both) and BCL2 (P 5 0.038, P 5 0.002, respectively), whereas the same parameters decreased with increasing mRNA levels of p21 CDKN1A (P < 0.001, P 5 0.007, respectively). g-Irradiation-specific DNA repair rates increased with p21 CDKN1A mRNA levels up to the low exposure level (P 5 0.044). Our study suggests a possible relationship between styrene exposure, DNA damage and transcript levels of key cell cycle genes.
Introduction
Styrene, a monomer widely used in chemical industries for the production of various plastic and polyester resins, has comprehensively been reviewed for its genotoxicity and potential carcinogenicity (1) (2) (3) .
Several studies have indicated that individual susceptibility factors, including DNA repair capacity, metabolic capacity and variants in the genes involved in these processes, may modulate the genotoxicity of xenobiotics (4) (5) (6) (7) . However, only limited data are available on the mechanisms of DNA damage sensing/response in humans exposed to xenobiotics (8) . Very recently, decreased DNA damage (measured as single-strand breaks; SSBs) has been observed with increased styrene exposure and was not accompanied by an increase in DNA repair rates, reflecting mainly base excision repair (BER). Interestingly, expression levels in XRCC1, XPC and hOGG1 genes decreased with increasing styrene exposure in hand lamination workers (9) .
The DNA damage response pathway is a multicomponent signal transduction network that consists of a multitude of proteins. TP53 and p21 CDKN1A have a role in DNA damage sensing and signaling pathways, and their activity results in growth arrest and apoptosis in response to a range of both environmental and intracellular genotoxic stresses (10) . p21 CDKN1A is a cyclin-dependent kinase inhibitor, its expression is controlled by TP53, and it also exerts a regulatory role in BER (11, 12) .
BCL2 family of mammalian genes acts as anti-or pro-apoptotic regulators, involved in a wide variety of cellular activities. BCL2 encodes an integral outer mitochondrial membrane protein that blocks the apoptotic death of some cells such as lymphocytes. BAX protein forms a heterodimer with BCL2 and functions as an apoptotic activator (13) .
Only two in vitro studies have investigated expression levels of specific cell cycle genes with respect to genotoxic stress induced by styrene and its main intermediate, styrene -7,8-oxide (14,15) . When studying the effect of styrene-7,8-oxide on messenger RNA (mRNA) expression levels of TP53, p21 CDKN1A , BAX and BCL2 in cultured human peripheral blood lymphocytes (PBLs), no clear up-or downregulation in any of the genes was recorded after treatment (14) . In contrast, in vitro styrene administration to the cord blood cells resulted in a clear overexpression of BCL2, whereas BAX was downregulated 6 h after the treatment and p53 protein expression was not affected (15) .
Based on the previous studies and due to the lack of information on the mRNA expression of the above genes in individuals occupationally exposed to styrene, we have studied gene expressions of the DNA damage response genes TP53, p21 CDKN1A , BCL2 and BAX in PBL. Further, mRNA expression levels were evaluated in context with DNA damage and c-irradation-specific DNA repair to reflect mechanism of interactions following the exposure to xenobiotics in humans.
Materials and methods

Subjects
The styrene-exposed group consisted of 71 workers employed as hand lamination workers for 5.2 ± 4.0 years (mean ± SD). Fifty-one workers employed as mechanics in a local car plant represented the control group. The set of analyses undertaken was not feasible or successful for all investigated individuals, thus the actual number of observations is shown for each particular parameter in the respective Table I and III and/or Figure 1 and 2. The differences in the styrene exposure were reflected by the stratification of the studied group into three subgroups according to the level of styrene concentration at workplace. The exposed group was arbitrarily divided into those with low styrene exposure (,50 mg/m 3 ) and with the high styrene exposure (.50 mg/m 3 ; Table I ). The design of the study was approved by the Ethics Committee of the Public Health Institute in Usti nad Orlici, Czech Republic. The sampling of biological material was carried out according to the Helsinki declaration.
Styrene exposure at workplace and in blood The concentration of airborne styrene at workplace was determined by personal dosimeters at the day of sampling (16) . Styrene in blood was determined as described previously (16, 17) .
DNA damage and DNA repair rates DNA damage was measured as SSBs and more specifically as endonuclease III-sensitive sites (EndoIII sites). SSBs in PBL of both the exposed and the control individuals by means of the alkaline version of the comet assay. Using this assay, alkali-labile sites may represent alkali-labile DNA adducts, oxidized bases, abasic sites, true DNA breaks as well as transient gaps appearing in the Abbreviations: BER, base excision repair; cDNA, complementary DNA; mRNA, messenger RNA; PBL, peripheral blood lymphocyte; PCR, polymerase chain reaction; SSB, single-strand break.
DNA during DNA repair (18) . The blood samples were kept on ice until processed. PBL were separated using Ficoll gradient from the whole blood, rewashed with phosphate-buffered saline, resuspended in low melting point agarose and layered on microscope slides, followed by lysis for 1 h at 4°C (lysis solution: 2.5 M NaCl, 100 mM ethylenediaminetetraacetic acid and 10 mM Tris, with 1% Triton X-100; pH 10). In the next step, all slides were treated with alkaline buffer (300 mM NaOH, 1 mM ethylenediaminetetraacetic acid; pH 13) for 40 min. The electrophoresis was carried out at 25 V, 300 mA for 30 min at 4°C. All slides were then washed twice with neutralizing buffer (0.4 M Tris, pH 7.5).
To determine abasic sites and oxopyrimidines more specifically, we measured on parallel slides endonuclease III-sensitive sites by incubating lysed nucleoids with endonuclease III enzyme for 45 min at 37°C. After a 40 min unwinding period, electrophoresis was carried out as above.
For the scoring, slides were stained with ethidium bromide (0.01 ng/ll, 20 ll/ agar) and evaluated by an image-analysis system using the comet module of Lucia G image software (Laboratory Imaging, Prague, Czech Republic). Fifty randomly selected nuclei per slide were analyzed and the tail DNA percentage was used for calculating amount of DNA breaks according to the calibration of the method with X-ray irradiation and expressed as SSBs/10 9 Da (19-21). DNA repair capacity for removal of c-irradiation-induced SSBs (i.e. BER rates) has been described in details elsewhere. Briefly, PBL, embedded in agarose on microscope slides were irradiated on ice by 5 Gy of gamma rays (0.42 Gy/min). One of the two parallel slides was immediately processed for the comet assay (see above), whereas the other was first incubated in culture medium (RPMI þ 10% fetal calf serum) at 37°C for 45 min to allow the repair of DNA breaks induced by irradiation. The results (i.e. the amount of repaired SSBs) are calculated as the difference between the initial levels of SSBs, measured immediately after the irradiation, and the level of SSBs, detected after 45 min of incubation. The repaired DNA damage is expressed as SSBs/ 10 9 Da (6,7,22). DNA repair rates for BER were analyzed in a subset of 97 individuals, due to technical limitations.
Expression analyses RNA isolation. PBLs were isolated from 10 ml of venous blood and total RNA was immediately isolated using TRIzol according to the procedure supplied by the manufacturer (Invitrogen, Paisley, UK). RNA quantity and quality was assessed by ultraviolet-visible spectrophotometry on Cary 300 (Varian, Palo Alto, CA) and horizontal agarose gel electrophoresis. Complementary DNA (cDNA) was synthesized using 0.5 or 1 lg of total RNA by help of RevertAidTM First strand cDNA synthesis kit (MBI Fermentas, Vilnius, Lithuania) with random hexamer primers. As a negative control, we used the same sample, but reverse transcriptase was omitted from the mixture. Quality of cDNA was confirmed by polymerase chain reaction (PCR) amplification of ubiquitin C fragment using primers as reported elsewhere (23) . All quantitative PCR reagents were provided by Applied Biosystems (Foster City, CA). As standards for absolute quantification of gene expression, bacterial plasmids pDONR221 containing coding sequences of BCL2 and BAX, B2M, PPIA and GAPDH were used. Constructs were prepared by the Gateway TM cloning technology (Invitrogen). As standards for p21 CDKN1A and TP53 genes, the PCR products were used. All primers were designed using free software available at http://frodo.wi.mit.edu/primer3 and are stated in Table  II . The presence of the gene fragments in all constructs was confirmed by sequencing (ABI PRISM 310 Genetic Analyzer; Applied Biosystems). cDNA from the samples was diluted 10 times; the expression level was determined as number of copies per microgram of total RNA, as described previously (23) . The real time PCR was carried out in a final volume of 20 ll containing 5 ll of diluted cDNA. Cycling program was set at initial hold at 95°C for 10 min, followed by 50 cycles of denaturation at 95°C for 15 s, annealing and extension at 60°C for 1 min. Results were analyzed using the integrated 7500 System SDS Software version 1.3.1. The expressions of TP53, p21 CDKN1A , BCL2 and BAX were normalized to the normalization factor calculated from mRNA expression levels of reference genes B2M, PPIA and GAPDH using algorithm GENORM (http://medgen.ugent.be/$jvdesomp/genorm/). The cut off point for the gene expression stability measure M was set to 0.15. 
Results
Effect of styrene exposure on mRNA levels of TP53, p21 CDKN1A , BCL2 and BAX The relationship between markers of exposure (concentrations of styrene in blood and at workplace) and mRNA expression levels of TP53, p21 CDKN1A , BCL2 and BAX was tested. Significant CDKN1A with increasing exposure is shown. The expression decreases from 1.17 Â 10 8 ± 2.80 Â 10 7 copies per 1 lg of total RNA in the control group to 1.69 Â 10 8 ± 2.12 Â 10 7 copies per 1 lg of total RNA in the low exposed and 1.85 Â 10 8 ± 2.35 Â 10 7 copies per 1 lg of total RNA in the high exposed groups (P , 0.001, K-W test). Bars represent mean ± standard deviation. (B) The correlation between logarithmically transformed mRNA expression levels of p21 CDKN1A and concentration of styrene in blood (mg/ml) is shown (P 5 0.001, R 5 0.37, Spearman, R 2 5 0.10). (C) The decrease of mRNA expression levels of TP53 with increasing exposure is shown. The expression decreases from 7.01 Â 10 6 ± 3.23 Â 10 6 copies per 1 lg of total RNA in the control group to 3.82 Â 10 6 ± 1.24 Â 10 6 copies per 1 lg of total RNA in the low exposed and 2.50 Â 10 6 ± 0.84 Â 10 6 copies per 1 lg of total RNA in the high exposed groups (P , 0.001, K-W test). Bars represent mean ± standard deviation. (D) The correlation between logarithmically transformed mRNA expression levels of TP53 and concentration of styrene in blood (milligrams per microliter) is shown (P , 0.001, R 5 À0.713, Spearman, R 2 5 0.28).
differences in mRNA levels of studied genes were found between exposed and control groups (Table III, Figures 1 and 2 ). mRNA levels of TP53, BCL2 and BAX decreased with increasing concentration of styrene in blood (R 5 À0.74, P , 0.001; R 5 À0.62, P , 0.001 and R 5 À0.50, P , 0.001, respectively; Table III ) and at workplace (R 5 À0.75, P , 0.001; R 5 À0.65, P , 0.001 and R 5 À0.48, P , 0.001, respectively; Table III) . On the contrary, p21 CDKN1A mRNA levels increased with increasing concentrations of styrene at workplace and in blood (R 5 0.64, P , 0.001 and R 5 0.40, P , 0.001, respectively; Table III ). After restricting the statistical analyses to exposed subjects only, all these correlations remained statistically significant (Figures 1 and 2 ). Due to the strong correlation between styrene concentration at workplace and in blood (R 5 0.75, P , 0.001) and the fact that styrene in blood more accurately reflects internal styrene exposure, only the latter data are shown.
Relationship between markers of DNA damage and mRNA levels of TP53, p21 CDKN1A , BCL2 and BAX Our results show higher levels of SSBs in DNA of control individuals (1.20 ± 0.70 SSB/10 9 Da) in comparison with individuals exposed to both low (0.77 ± 0.39 SSB/10 9 Da) and high (0.51 ± 0.41 SSB/10 9 Da) styrene concentrations (P , 0.001; K-W test, Table IV ). We found positive correlations between SSBs and EndoIII sites and mRNA levels of both TP53 (R 5 0.389, P , 0.001 and R 5 0.402, P , 0.001, respectively) and BCL2 (R 5 0.213, P 5 0.038 and R 5 0.358, P 5 0.002, respectively). Levels of SSBs and EndoIII sites decreased with increasing p21 CDKN1A mRNA expression levels (R 5 À0.505, P , 0.001 and R 5 À0.309, P 5 0.007, respectively). No association was found between mRNA expression levels of BAX and markers of DNA damage. Relationship between c-irradiation-specific DNA repair rates and mRNA levels of TP53, p21 CDKN1A , BCL2 and BAX c-Irradiation-specific DNA repair rates were the highest among individuals with low styrene exposure (1.34 ± 1.00 SSB/10 9 Da), followed by those with high styrene exposure (0.72 ± 0.81 SSB/10 9 Da) and the controls (0.65 ± 0.82 SSB/10 9 Da). Our results revealed a positive association between mRNA expression levels of p21 CDKN1A and c-irradiation-specific DNA repair (R 5 0.207, P 5 0.044), whereas there were no associations between mRNA levels of BAX, BCL2 and TP53 and c-irradiation-specific DNA repair.
Discussion
In this study, we observed exposure related differences in mRNA gene expression levels of TP53, p21 CDKN1A , BCL2 and BAX among individuals occupationally exposed to styrene. Our results may confirm the suggested close link between DNA repair and cell cycle regulation (24, 25) . The TP53 transcriptional activities and its relationship to p21 CDKN1A have been recently reviewed, and it has been shown that p21 CDKN1A plays an essential role in DNA damage response, and regulation of this gene is complex at both mRNA and protein level (26) (27) (28) . We observed lower mRNA expression of TP53 in the exposed individuals, whereas mRNA expression of p21 CDKN1A was lower in the control group. A similar result was detected in PBL of workers chronically exposed to benzene, where lower mRNA expression of TP53 was observed, but no difference was found in p21 CDKN1A mRNA levels between the exposed and control groups (8) . PBL are predominantly quiescent in G 0 phase of the cell cycle. In vitro study on quiescent and stimulated PBL revealed that after c-irradiation, TP53 increased only in stimulated lymphocytes, whereas p21 CDKN1A increased in both cases and in a dose-dependent manner (29) . Enhanced p21 CDKN1A expression can occur through both TP53-dependent and TP53-independent mechanisms (30, 31) . When studying the effect of genotoxic agents on gene expression in cell lines, the authors observed a 3-fold increase in the synthesis of the p53 protein in TK6 cells exposed to 10 lM of diepoxybutane for 24 h, but no significant elevation of TP53 mRNA levels was detected under the same exposure conditions (32) . On the other hand, an in vivo assay for studying gene expression changes in epithelial cells of glandular stomach treated with N-nitroso-N-methylurea or N-methyl-N#-nitro-N-nitrosoguanidine showed upregulation of p21 CDKN1A mRNA levels in treated mice compared with controls (33) . These results are in accordance with our findings of higher mRNA levels of p21 CDKN1A in exposed individuals, but any direct comparison of the data from animal or experimental systems to humans should be confirmed by additional independent studies. Both BCL2 and BAX mRNA levels decreased with styrene exposure. This result is not in accordance with the results from the previous in vitro study, where overexpression of BCL2 and downregulation of BAX was observed after styrene administration (15) . Harvilchuck et al. (34) also observed that the treatment of Clara cells with Renantiomer of styrene-7,8-oxide or styrene resulted in increased BAX/BCL2 mRNA ratio, followed by an increase in BAX/BCL2 protein ratio, depending on the time after administration. This discrepancy with our data may be due to the particular biological status of PBL.
Markers of DNA damage (SSBs and EndoIII sites) were increasing with increasing mRNA gene expression of BCL2 and TP53, whereas higher DNA damage was associated with lower mRNA levels of p21 CDKN1A . No association was revealed between DNA damage and mRNA levels of BAX. These correlations are difficult to explain in the light of nature of SSBs and EndoIII sites since they do not represent exclusively markers of DNA damage but also intermediates in the repair process (35) . In our previous study on the same population, it has been shown that c-irradiation-specific DNA repair rates were the highest among individuals with low styrene exposure, followed by those with high styrene exposure and the controls (9) . p21 CDKN1A mRNA expression levels increased with increasing c-irradiation-specific DNA repair capacity, particularly in the control and the low exposed groups. In the high exposed group, the c-irradiation-specific DNA repair capacity decreased in comparison with low exposed group, but the p21 CDKN1A mRNA expression continued to rise up. This phenomenon is difficult to explain. However, p21 CDKN1A has an active regulatory role in DNA repair. In vitro studies revealed the impact of p21 CDKN1A on BER via its interactions with proliferating cell nuclear antigen (11) . Furthermore, p21 CDKN1A was shown to bind with poly [ADP-ribose] polymerase 1 and regulate the interaction between poly [ADP-ribose] polymerase 1 and BER factors, wherein p21 CDKN1A is required for the turnover of poly [ADP-ribose] polymerase 1 association with XRCC1 and DNA polymerase b to promote efficient repair (27, 36) . We may suggest that our finding about the relationship between DNA repair capacity and p21 CDKN1A mRNA expression level is in line with above-mentioned studies and confirms the pivotal role of p21 CDKN1A in the DNA repair.
Based on the above associations, occupational exposure to styrene exerts an impact on gene expression at transcriptional levels of the studied genes in PBL. So far, the existing literature does not provide any clear evidence about a possible link of the studied genes at transcriptional levels in response to DNA damage or in response to occupational exposure in humans. The relationship between styrene exposure, DNA repair and expression levels of cell cycle genes presents an interesting in vivo model to investigate the basic principles of cellular regulation. Our results warrant further focused studies exploring also tissue-specific and genotoxic stress-specific context.
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